A new plasmonic-like waveguide structure is proposed for integrated terahertz refractive index sensing. The surface plasmon-like wave is an effective means for high sensitivity sensing in the terahertz range, but most of the reported configurations are based on free space excitation using a prism, that is not convenient for integration. In the proposed structure a dielectric waveguide is used to excite the sensor. Dispersion characteristics and the sensitivity of the structure are calculated using COMSOL full-wave simulations.
Introduction: The Terahertz (THz) range of frequency has found a fast-growing number of applications in material characterisation and sensing, imaging, and extreme bandwidth communication [1] . Different structures have been proposed for sensing at these frequencies [2] [3] [4] [5] . Surface plasmon waves have successfully been applied to ultrahigh precision sensing at optical frequencies, because of their highly field confinement and enhancement. These waves are not as confined in THz due to metal properties over this range of frequencies. However, it has been shown that surface waves on properly designed periodic metallic structures have behaviour very similar to plasmonic waves in the optical range [6, 7] .
Many existing plasmonic sensing configurations use a prism for plasmonic wave excitation [8] . However, a prism is too bulky for integration. Interest in integrated surface plasmonic devices at optical frequencies has been growing recently [9, 10] . Compared with the free space configuration, integrated structures have distinct advantages such as small size and multichannel sensing capabilities. In this Letter, an integrated sensing configuration using a plasmonic-like wave is proposed. The new configuration uses a metallic grating that acts as a THz waveguide with a stop-band and a sharp transition edge. Excitation of such a metallic grating waveguide through a dielectric waveguide is described and analysed. Moreover, it is shown that the frequency of the transition edge between the passband and stop-band is highly sensitive to the refractive index of the surrounding medium, and therefore it can be used for dielectric sensing. The sensitivity of the proposed sensor is also characterised and its excitation requirements are described and analysed.
Metallic grating THz waveguides: Fig. 1 shows two types of metallic grating waveguides, grounded and ungrounded (suspended). They are uniform grating structures in the z-direction with a grating period of a. Metallic rods have a rectangular cross-section with width of w and height of h and h/2 for the ungrounded and the grounded waveguide, respectively. All aforementioned dimensions are in the sub-wavelength range. In the y-direction, the structure is assumed uniform and infinitely long in the analysis. The fundamental TMz mode is considered here. The transverse resonance condition at the interface of the grating and the free space at x = h/2 provides the support for a surface wave propagating in the z-direction. To satisfy such condition, the grating impedance seen from the x < h/2 region should be inductive. Because the distance between two adjacent metallic rods is very small compared with the wavelength, two adjacent rods can be approximated as a parallel plate waveguide with TEM field distribution. So impedance for x < h/2 can be simply found from transmission line formulas. Therefore, in order to have inductive impedance from an open (short) termination, the transmission line length should be greater than λ/4 (shorter than λ/4). This condition provides an initial design value for the height h.
For analysis of the proposed grating waveguides, we considered one unit cell and used the periodic boundary condition along the propagation direction (z-axis). For a given value of phase difference between the periodic boundary planes, an eigen-value problem is solved resulting in an eigen-frequency and its corresponding modal field. By choosing dimensions as a = 30 µm, w = 17 µm and h = 85 µm, Fig. 2 shows the x-and z-component of the electric field and the magnetic field, respectively, of the first plasmonic-like mode for the ungrounded grating waveguide. Fig. 2 Field distribution of first plasmonic-like mode for ungrounded metallic grating waveguide at 1.47 THz
The modal field in Fig. 2 was obtained from full-wave simulations in COMSOL software. The field distribution for the grounded metallic grating waveguide is identical to that of the ungrounded structure with a height twice that of the grounded one.
As shown in Fig. 2 , E x (H y ) is strongly confined to the surface with the sub-wavelength extension in free space. Fig. 3 shows the dispersion diagram of the first and second plasmonic-like modes for the ungrounded metallic grating waveguide of Fig. 1a with a perfect electric conductor (PEC) and silver rods. From the dispersion diagram in Fig. 3 , it is clear that the first mode has a stop-band starting at the frequency corresponding to the phase shift of βa = 180. Fig. 4 with that of Fig. 2 , clear similarities are observed between the first plasmonic-like mode of the ungrounded grating waveguide and the first TM mode in a dielectric slab waveguide. The same similarity can be found between the first mode in the grounded grating waveguide and that of the first TM mode in a grounded slab waveguide. Such observation may suggest that the grating waveguides can be effectively excited by their respective slab waveguides with the same heights. Fig. 5 shows the proposed configuration for excitation of the ungrounded (grounded) grating waveguide with a (grounded) dielectric slab. For the particular structure under consideration, the frequency of the transition edge from the bandpass to the band-stop occurs at 1.495 THz as obtained from the dispersion diagram. Silica with a refractive index of 1.96 has been used for the dielectric waveguide. Fig. 6 shows the transmission and reflection spectrum of the structures shown in Fig. 5 using COMSOL simulations. As shown in Fig. 6 , the transition between the passband and the stop-band is gradual without tapering. This behaviour is not desirable from a sensitivity standpoint. In contrast, the transition becomes very sharp due to tapering, and as shown in Fig. 6 , the frequency of the transition edge occurs at the same frequency predicted by the dispersion analysis. The transition edge frequency of the grating varies sensitively when the refractive index of the surrounding medium changes. Fig. 7 shows the sensitivity of the transition edge frequency with respect to the refractive index of the sample around the grating in the range of n = 1-1.44. The sensitivity is around 1480 GHz/RIU (Refractive Index Unit) for small refractive indices around 1, and it decrease to 733 GHz/RIU for refractive indices around 1.44. Conclusion: Based on a metallic grating structure as a THz waveguide, an integrated configuration has been proposed for THz refractive index sensing. The integrated sensing configuration has many advantages such as small size and multichannel sensing capability for high throughput.
